We discuss the influence of fluctuations on thermodynamics near the chiral phase transition within Polyakov loop extended quark-meson model based on the functional renormalization group (FRG) method. We include the gluon fields in the FRG flow equation self-consistently on the mean-field level. We focus on the properties of the phase diagram and net-baryon number fluctuations. §1. Introduction
§1. Introduction
Understanding the phase structure and critical properties of strongly interacting matter is one of the central problems addressed in studies of QCD thermodynamics. In the context of heavy ion experiments of particular importance is to find measurable observables that can be used as probes of the deconfinement and chiral phase transitions expected in QCD. 1) Effective chiral models were shown to be very useful to study critical phenomena in the strongly interacting system and to quantify the phase transition due to deconfinement and chiral symmetry breaking. 2) Particularly interesting are models like the Polyakov loop extended NambuJona-Lasinio (PNJL) 3) or quark-meson (PQM) 4) models which can account for both deconfinement and chiral symmetry breaking. Both models can reproduce essential properties of QCD thermodynamics obtained in the Lattice Gauge Theory already within the mean-field (MF) approximation. However, to correctly account for critical behavior and scaling properties near the chiral phase transitions one needs to go beyond the mean-field approximation and include fluctuations and non-perturbative dynamics. This can be achieved by using methods based on the functional renormalization group (FRG). 5)- 9) In this paper we summarized the influence of non-perturbative effects in the presence of a gluonic background on the thermodynamics the near chiral phase transition based on the PQM model. We compare the phase diagram and properties of net-quark number fluctuations obtained within the FRG and MF calculations. Such a comparison quantifies explicitly the influence of mesonic fluctuations near the chiral phase transition at finite temperature and density. method. The FRG is based on an infrared regularization with the momentum scale parameter of the full propagator which turns the corresponding effective action into the scale k-dependent functional Γ k . 5) In general, in the PQM model, the formulation of the FRG flow equation requires an implementation of the Polyakov loop as a dynamical field. However, in the current formulation we treat the Polyakov loop as a background field which is introduced self-consistently on the mean-field level. 7) Following our previous work 7), 8) we formulate the flow equation for the scale-dependent grand canonical potential as
Here n B (E π,σ ; T ) is the bosonic distribution function
where the primes denote derivatives with respect to ρ = (σ 2 + π 2 )/2 and Ω = Ω + cσ with c = m 2 π f π being the external symmetry breaking term. The functions N (ℓ, ℓ * ; T, µ) andN (ℓ, ℓ * ; T, µ) which are defined by
are fermionic distributions which are modified because of coupling to gluons. The E q = k 2 + 2g 2 ρ is the quark energy. The minimum of the thermodynamic potential is determined by the stationarity condition
The flow equation ( By solving equation (2 . 1) one obtains the thermodynamic potential for quarks and mesons, Ω k→0 (ℓ, ℓ * ; T, µ), as a function of Polyakov loop variables, ℓ and ℓ * . The full thermodynamic potential Ω(ℓ, ℓ * ; T, µ) in the PQM model which includes quarks, mesons and gluons degrees of freedom is obtained by adding to Ω k→0 (ℓ, ℓ * ; T, µ) the effective gluon potential,
with parameters b i chosen to reproduce the equation of state of the pure SU c (3) lattice gauge theory. 3) At a given temperature and chemical potential, the Polyakov loop variables, ℓ and ℓ * , are determined by the stationarity conditions:
The thermodynamic potential (2 . 4) does not contain contributions of statistical modes with momenta larger than the cutoff Λ. In order to obtain the correct hightemperature behavior of thermodynamics we need to supplement the FRG potential with the contribution of high-momentum states. For k > Λ we use the flow equation for quarks interacting with the Polyakov loops, 7)
where the dynamical quark mass is neglected.
To obtain the complete thermodynamic potential of the PQM model we integrate Eq. (2 . 6) from k = ∞ to k = Λ where we switch to the PQM flow equation (2 . 1 Fig. 1 we define the transition region as a band where the temperature derivative of the order parameter exhibits 5%-deviations from its maximal value. At larger µ the cross-over line terminates at the CEP where the transition is second-order and belongs to the universality class of the three dimensional Z(2)-spin system.
Comparing the resulting phase diagrams of the PQM model obtained within MF and FRG approach we find a clear shift of the position of the chiral phase boundary to higher temperatures due to mesonic fluctuations. Changes in the phase diagram were previously reported in the quark-meson model within the FRG approach. 4) However, here due to gluonic background, which is explicitly included in our FRG calculations, we find a significant shift of the CEP to higher temperature. 8) The fluctuations of conserved charges were shown to be an excellent probe of the chiral and deconfinement transition expected in strongly interacting medium. moments which are characterized by the generalized susceptibilities,
The temperature and chemical potential dependence of the net-quark number susceptibility c 2 in the PQM model is shown in Fig. 2 for the MF and the FRG calculations. At vanishing µ the coefficient c 2 increases monotonously with temperature, similar to the thermodynamic pressure. However, at finite chemical potential, the susceptibility c 2 develops a peak structure. The amplitude of this peak increases with chemical potential towards the CEP where c 2 diverges. In the high temperature phase the c 2 converges to the Stefan Boltzmann value, c SB 2 = 2[1 + 2(3µ/πT ) 2 ]. As it is seen in Fig. 2 the peak structure in c 2 is more pronounced in the meanfield at µ/T = 1 than in the FRG at µ/T = 1.5. This is in spite of the fact that the location of the CEP in the FRG is closer to the µ/T = 1.5 than the corresponding one for the mean-field approximation at µ/T = 1 (see Fig. 1 ). This shows that the criticality of c 2 as a function of a distance to the CEP appears earlier in the mean-field than in the FRG calculations.
The generalized susceptibility c 2 is sensitive to changes in the chemical potential and is clearly influenced by meson fluctuations and the gluon background. The c 2 is strictly positive for all values of µ and T. At finite µ the positivity is not preserved for c n -moments with n > 2. Discussing fluctuations of conserved charges, a particular role is attributed to the so called kurtosis of net-quark number fluctuations which is given by the ratio, R 4,2 = c 4 /c 2 . 10) This key observable is not only sensitive to the chiral but also to the confinement-deconfinement transition. In the asymptotic regime of high and low temperature and at vanishing chemical potential the kurtosis reflects the quark content of the baryon-number carrying effective degrees of freedom. 10) Therefore, at low T in the confined phase, R 4,2 ≃ N 2 q = 9 while in an ideal gas of quarks R 4,2 ≃ 1. This property was shown to be independent from the particular form of the mass spectrum and the number of degrees of freedom in a system. Fig. 4 shows the c 4 /c 2 ratio calculated as a function of temperature along different paths in the (T, µ)−plane quantified by fixed µ/T . In the PQM model the kurtosis shows an expected drop from R 4,2 ≃ 9 to R 4,2 ≃ 1 in the transition region. At vanishing µ it exhibits a peak at the transition temperature. The height of this peak depends not only on the pion mass 7), 8) but is also influenced by the value of the chemical potential. The mesonic fluctuations weaken the peak structure both at finite and at vanishing quark density. For finite µ the kurtosis becomes negative following the same trends as seen in the fourth order cumulant.
Summary
We have discussed the influence of quantum fluctuations near the chiral phase transition within the Polyakov loop extended quark-meson (PQM) model based on the functional renormalization group method (FRG). We have shown that nonperturbative dynamics introduced in the FRG approach essentially modifies predictions of the PQM model derived in the mean-field approximation. In particular, we have demonstrated quantitative changes of the phase diagram and modification of net-quark number fluctuations and their higher moments. We have indicated the role and importance of the ratio of the fourth to second order cumulant moments to identify deconfinement and chiral phase transition in a strongly interacting medium.
